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The residence time of cosmic rays (CRs) in the Galaxy is usually inferred from the measurement
of the ratio of secondary-to-primary nuclei, as for instance the boron (B)/carbon (C) ratio, which
provides an estimate of the amount of matter traversed by CRs during their propagation, the so
called CR grammage. However, after being released by their parent sources, for instance supernova
remnants (SNRs), CRs must cross the disc of the Galaxy, before entering the much lower density
halo, in which they are believed to spend most of the time before eventually escaping the Galaxy.
In the near-source region, the CR propagation is shown to be dominated by the non-linear self-
generation of waves. Here we show that due to this effect, the time that CRs with energies up to ∼ 10
TeV spend within a distance Lc ∼ 100 pc from the sources is much larger than naive estimates would
suggest. Depending on the level of ionisation of the medium surrounding the source, the grammage
accumulated in the source vicinity may be a non-negligible fraction of the total grammage traversed
throughout the whole Galaxy. Moreover, there is an irreducible grammage that CRs traverse while
trapped downstream of the shock that accelerated them, though this contribution is rather uncertain.
We conclude that some caution should be used in inferring parameters of Galactic CR propagation
from measurements of the B/C ratio.
PACS numbers: 98.70.Sa
Introduction – The simplest version of the standard
picture of the origin and propagation of Galactic CRs
is based on two pillars (see [1, 2] for recent reviews):
1) CRs are accelerated, with ∼ 10% efficiency, in su-
pernova remnants (SNRs), located in the gas disc of
the galaxy, within a region of half-width h ∼ 150 pc,
where the density is nd ' 1 cm−3; 2) transport of CRs
in the Galaxy is mainly diffusive, with a momentum
dependent diffusion coefficient D(p) over a magnetized
halo of size H, where the gas density is negligible. In
this simple picture the propagation time is dominated
by diffusion in the halo, τd(p) = H
2/D(p), but most of
the grammage is accumulated by CRs when they tra-
verse the disc. Hence the grammage can be written as
X(p) ≈ 1.4mpnd(h/H)v(p)τd, where mp is the proton
mass, v(p) ∼ c is the particle velocity and the numer-
ical factor accounts for the fact that both protons and
helium nuclei in the interstellar medium serve as target
for the particle collisions that define the grammage X(p).
The quantity nd(h/H) is the mean density experienced
by CRs while diffusing in an almost empty halo and oc-
casionally traversing the dense disc. The best measure-
ment of the grammage comes from the ratio of the fluxes
of Boron and Carbon nuclei (B/C): Boron is mainly a
secondary product of the nuclear collisions of Carbon
(and heavier) nuclei, while C is instead mainly primary,
namely directly accelerated in the sources of CRs. The
B/C ratio is proportional to the grammage and scales as
1/D(p), where it is assumed that the diffusion coefficient
is the same throughout the disc and halo regions. Many
refinements of this simplest picture are available in the
literature, but the general scenario stays qualitatively as
outlined above.
This simple diffusive description of the transport is ex-
pected to become increasingly more accurate when ap-
plied to spatial scales much larger than the coherence
scale of the Galactic magnetic field, usually taken to be
in the 50 − 100 pc range [3]. In contrast, this picture is
known to be inadequate to describe the transport of CRs
on smaller scales, as it is for instance the case for the cen-
tral pc scale region around the Galactic center or the close
surroundings of a source. In other words, the diffusion
paradigm requires averages on several correlation lengths
of the turbulent magnetic field responsible for CR diffu-
sion. In the region immediately outside a CR source the
propagation of CRs may lead to a very elongated shape
of the cloud of particles diffusing away from the source
[4, 5], reflecting the quasi-ordered structure of the Galac-
tic magnetic field on a scale Lc. However, in these investi-
gations, CRs were assumed to be passive actors diffusing
in a pre-established turbulent field. Some investigations
of the non-linear problem in which CRs affect their own
diffusion have been presented in Refs. [6, 7]. While the
main focus of Ref. [7] was on describing the possible inter-
action of escaping particles with a nearby molecular cloud
magnetically connected with the CR source, a SNR, in
Ref. [6] a problem very similar to the one studied in this
article was considered, though with different boundary
conditions and more restrictive assumptions. Scenarios
involving non-linear CR diffusion on Galactic scales have
also been recently discussed [8, 9]. At the same time,
phenomenological propagation models assuming a diffu-
sion coefficient that close to the sources is different from
the Galactic average have been sometimes explored in
the literature (see e.g. [10] and references therein) as a
possible explanation of the observed energy dependence
of the flux of secondaries.
In this paper we study the CR propagation close to
their sources, with a special attention for the implica-
tions of this process on our understanding of global CR
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2propagation on Galactic scales. The density of CRs leav-
ing their parent SNR stays larger than the Galactic mean
density for relatively long times, even in the absence of
non-linear effects. The strong spatial gradient in the CR
density generates hydromagnetic waves (streaming insta-
bility), that in turn slow down the CR propagation in the
near-source region. Within a distance of about 1-2 Lc,
with Lc = 50−150 pc[3], the problem can be well approx-
imated as one dimensional (see also [4, 5, 7]). We show
that for particle energies up to a few TeV, the grammage
accumulated by CRs within such distances, as due to
non-linear diffusive transport in the dense Galactic disc
(nd ∼ 1 cm−3), may become comparable with the global
grammage expected in the standard picture of propaga-
tion throughout the whole Galaxy, as deduced from the
measurement of the B/C ratio. The implications of this
finding for our understanding of the origin of CRs will be
discussed.
Calculations – As a benchmark for the Galac-
tic diffusion coefficient we adopt the functional form
Dg(E) = 3.6 × 1028E1/3GeV cm2/s, as derived in
Ref. [11] from a leaky-box fit to GALPROP [12] (see
http://galprop.stanford.edu) results for a Kolmogorov
turbulence spectrum (here, for simplicity, we restrict our-
selves to the relativistic regime). The scenario we have
in mind is that of a supernova (SN) that explodes in
the Galactic disc, where the magnetic field is assumed
to have a well established direction over the coherence
length Lc ∼ 50−150 pc. In fact the magnetic field direc-
tion will not experience dramatic changes even on scales
somewhat larger than Lc if the turbulence level is low,
δB/B < 1. Describing the particle transport as diffusive
on scales . Lc can only be done for particles with a mean
free path 3Dg(p)/c << Lc. This condition is easily seen
to be satisfied up to at least ∼ 105 − 106 GeV for the
standard Galactic diffusion coefficient Dg: we will only
be concerned with particles well below this energy. After
a time ∼ L2c/Dg(E) ∼ 9×104E−1/3GeV years, particles start
diffusing out of the region where the magnetic field can
be assumed to have a given orientation and the problem
should be treated as 3-dimensional diffusion. In such
a phase, within a distance from the source
√
Dg(E)ts,
the CR density due to the source itself remains larger
than the mean galactic density for a time ts that we
can estimate by equating the individual source contri-
bution, N(E)/(4piDg(E)t)
3/2, to the average Galactic
density, N(E)RH/(2piR2dDg(E)), with N(E) the aver-
age spectrum that a source of CRs injects in the Galaxy,
R the SN rate, Rd and H the size of the galactic disc and
halo respectively. For typical values of the parameters,
R = 1/30 yr−1, Rd = 30 kpc (from [11]) and H = 4
kpc, one finds ts ∼ 2 × 104E−1/3GeV yr, which indicates
that the density of locally accelerated CRs quickly drops
to the galactic average as soon as propagation becomes
3-dimensional. Hence we formulate our problem start-
ing from the solution of the one-dimensional transport
equation,
∂f
∂t
+vA
∂f
∂z
− ∂
∂z
[
D(p, z, t)
∂f
∂z
]
= q0(p)δ(z)Θ(TSN−t) ,
(1)
in a box of size 2Lc with the boundary condition that
f(p, |z| = Lc, t) = fg(p), with fg the diffuse CR spectrum
in the Galaxy. Eq. 1 is meant to describe a situation
in which diffusion is due to self-generated waves moving
away from the source at the Alfve´n speed vA (second
term on the lhs of the equation).
Injection is assumed to be constant in time from t = 0
to a time TSN , which characterizes the duration of the re-
lease phase of CRs into the ISM. Since we are interested
in CRs with energies below ∼ 100 TeV or so (for higher
energies the density of particles close to the source is too
small to lead to effective growth of the streaming insta-
bility), the escape of CRs is expected to occur at the time
of shock dissipation. The function q0(p) = A (p/mpc)
−4
mimics injection at a strong SNR shock, with the nor-
malisation constant A = ξCRESN/piR
2
SNTSNI, and I =∫∞
0
dp4pip2 (p/mpc)
−4
(p), where (p) is the kinetic en-
ergy of a particle with momentum p. The normalization
is such that a fraction ξCR of the kinetic energy ESN
of the SNR shock is converted into CRs. The radius of
the SNR at the time of escape of CRs is chosen to be
RSN ≈ 20 pc, of order the size of the slowly varying
radius of a SNR during the Sedov phase in the ISM. In-
tegrating Eq. 1 in a neighborhood of z = 0 one finds:
∂f
∂z
∣∣∣∣
z=0
= −q0(p)Θ(TSN − t)
2D(p, z, t)|z=0 , (2)
which is used as a boundary condition on Eq. 1.
The diffusion coefficient in Eq. 1 is self-generated by
CRs leaving the source:
D(p, z, t) =
1
3
rL(p)v(p)
1
F(k, z, t)
∣∣∣∣
k=1/rL(p)
, (3)
where the spectrum of the self-generated waves F(k, z, t)
satisfies the differential equation:
∂F
∂t
+ vA
∂F
∂z
= (ΓCR − ΓD)F . (4)
In the latter equation,
ΓCR(k) =
16pi2
3
vA
FB20
[
p4v(p)
∂f
∂z
]
p=qB0/kc
(5)
is the growth rate of the resonant streaming instability
associated with CRs moving at superalfve`nic speed [13],
while the damping rate ΓD = ΓIN +ΓNLD contains both
the effects of ion-neutral damping (IND) at rate ΓIN [15]
and non-linear wave damping (NLD) [16]. For the rate
of NLD we use:
ΓNLD = (2cK)
−3/2kvAF1/2 cK ≈ 3.6 , (6)
3which is equivalent to assuming a Kolmogorov descrip-
tion of the cascade. Another source of damping, sug-
gested in Ref. [17], is provided by the pre-existing
MHD turbulence, which these authors assume to cascade
anisotropically in k from a large injection scale LMHD,
comparable with our Lc. This contribution is included
in our calculations but it has little effect on the global
solution.
The relative importance of IND and NLD depends on
the abundance of neutral atoms in the region surround-
ing the SN. The issue of the role of IND for CR prop-
agation in the Galaxy is all but new: [13, 14] pointed
out that IND would induce a wave free zone above and
below the Galactic disc where CRs would move ballisti-
cally. Diffusion would be granted in a far region, where
wave generation would be faster than IND and particle
isotropization would take place in such region. The im-
portance of IND for particle scattering was also discussed
in Ref. [15]. After this pioneering work, the role of IND
for CR propagation was almost completely ignored and
at present most calculations of CR transport assume that
diffusion is present everywhere in the halo and disc and
its origin is not much disputed. One of the reasons of this
attitude towards the problem of IND is that the neutral
material may be speculated to be spatially segregated in
dense regions with small filling factor, while most of the
propagation volume would be filled with rarefied ionized
gas. Following [19], one could argue that the part of ISM
that is most important in terms of particle propagation
is a mix of the warm ionized and hot ionized medium
(WIM and HIM), while IND would severely inhibit wave
growth in the rest of the ISM, thereby suppressing diffu-
sion. On the other hand, following [18], one could argue
that in the WIM most gas is ionized with density that can
be as high as ∼ 0.45cm−3 but neutral gas is still present
with density ∼ 0.05cm−3. Such parameters would still be
more than enough to quench the growth of Alfve´n waves
due to IND on time scales of relevance for propagation
of CRs in the Galaxy. In the region around a SNR, the
level of IND inferred for these parameters is still impor-
tant but not as much as for the Galactic CR propagation
(see below). Moreover, as argued in Ref. [19], the WIM,
having temperature ∼ 8000 K, is expected to be made
of fully ionized hydrogen, while only helium would be
partially ionized. This latter picture would have promi-
nent consequences in terms of IND, in that this process
is due to charge exchange between ions and the partially
ionized (or neutral) component, but the cross section for
charge exchange between H and He is about three orders
of magnitude smaller [20] than for neutral and ionized H,
so that the corresponding damping rate would be greatly
diminished. Unfortunately, at present, there is no quan-
titative assessment of this phenomenon and we can only
rely on a comparison between cross sections of charge ex-
change. On the other hand, it is also possible that a small
fraction of neutral hydrogen is still present, in addition
to neutral helium: following [19], the density of neutral
H is . 6×10−2ni, and for ni = 0.45cm−3 this implies an
upper limit to the neutral H density of ∼ 0.03cm−3.
In order to account, to some extent, for the uncer-
tainty in the role of IND around sources of CRs, be-
low we consider the following cases: (1) No neutrals and
gas density 0.45 cm−3 (this is the best case scenario
in terms of importance of the near source grammage,
with the underlying assumption that the neutral compo-
nent is entirely in the form of He); (2) Neutral density
nn = 0.05 cm
−3 and ion density ni = 0.45 cm−3; (3)
Density of ionized H 0.45 cm−3 and density of neutral
H 0.03 cm−3; (4) rarefied totally ionized medium with
density ni = 0.01 cm
−3.
In order to avoid artificial divergences in the diffusion
coefficient we assume that there is always a minimum
background of waves F0 that corresponds, through Eq. 3,
to the mean Galactic diffusion coefficient Dg. For most
locations and times around the source, self-generated
waves exceed the pre-existing ones up to scales corre-
sponding to particle energies . 10 TeV, above which the
streaming instability grows too slowly and the diffusion
coefficient is well described by Dg, as we show below.
Eqs. 1 and 4 are solved together using a finite differ-
ences scheme with backward integration in time. Given
the non-linear nature of the problem, the diffusion coef-
ficient in the second term of Eq. 1 is evaluated at time t
while the spatial derivatives of the distribution function
are evaluated at time t + δt, where δt is the time step
used for numerical integration.
Due to the non-linear nature of the problem the cal-
culation of the grammage traversed by the particles is
not straightforward. We devised the following procedure
that provides an estimate of the average particle resi-
dence time based on measurement of the particle flux
across the boundaries at distance Lc from the source. In
the case of propagation in the preassigned diffusion co-
efficient Dg, we find that injection of a burst of particles
at t = 0 leads to ≈ 89% of them leaving the system
through the boundaries at ±Lc within a time L2c/Dg
(the classical estimate of the diffusion time for such a
configuration). In the non-linear case, the flux of par-
ticles across the boundaries, integrated over a time t,
φ(t) = −2 ∫ t
0
dtD ∂f∂z |z=Lc , is calculated numerically. The
average time Td by which ∼ 89% of the particles leave
the region of size 2Lc around the source is estimated by
requiring that φ(Td) = 0.89q0Min [Td,TSN], in analogy
with the case of preassigned diffusion coefficient. The
estimate eventually fails when the propagation time be-
comes comparable with the duration TSN of the injection
phase. In the non-linear regime, this typically happens
at energies above & 10 TeV. The grammage traversed
by particles while leaving this near-source region can be
written as Xs(p) ≈ 1.4mpndTdv(p), to be compared with
the grammage usually associated with propagation in the
Galaxy.
Results – The grammage X as a function of particle
energy (or rigidity) is plotted in Fig. 1, for the case of
a SNR with total kinetic energy ESN = 10
51 erg. The
4field coherence length is taken to be Lc = 100 pc and
the CR acceleration efficiency is ξCR = 20%. In terms
of properties of the medium around the source, the four
cases mentioned above are considered (see labels on the
curves). The thick dashed line shows the grammage esti-
mated from the measured B/C ratio, assuming standard
CR propagation in the Galaxy with turbulence described
a la Kolmogorov [11]. The thick solid curve represents
the grammage as calculated in the model of non-linear
CR propagation of Ref. [8] (see also [9]), while the hori-
zontal (thick dotted) line shows an estimate of the gram-
mage traversed by CRs while still confined in the down-
stream of the SNR shock [21]. In all cases we assumed
injection ∝ p−4, but for case (2) above we also considered
the case of steeper injection (thin dotted (red) line).
In case (1), in the energy region E . few TeV, the
grammage contributed by the near-source region due to
non-linear effects is comparable (within a factor of ∼ few)
with that accumulated throughout the Galaxy if the stan-
dard diffusion coefficient is adopted. When neutral atoms
are present, the IND severely limits the waves’ growth: in
case (2) the grammage in the energy range E . few hun-
dred GeV is about ten times smaller. However, since the
importance of IND decreases with decreasing wavenum-
ber k, particles at energies above ∼ 1 TeV are again al-
lowed to generate their own waves and the grammage in
the near-source region increases, thereby becoming com-
parable with the one accumulated inside the source.
As pointed out above, following [19], it seems plausi-
ble that most of the neutral gas in the warm-hot phase
is made of helium, whose charge exchange cross section
with ionized hydrogen is very small. Ref. [19] suggests
an upper bound to the density of neutral hydrogen of
∼ 0.03cm−3. This case is accounted for as Case (3)
above.
Case (4) corresponds to a small grammage (due to the
low gas density) but it is important to realize that in
fact Cases (1) and (4) correspond to roughly the same
propagation time in the near-source region. This might
have important observational consequences in the case in
which a dense target for pp collisions, such as a molec-
ular cloud, is present in a region where the gas density
(outside the cloud) is very low and IND is absent: the
long escape times and the correspondingly enhanced CR
density will reflect in enhanced gamma-ray emission.
The time needed for CR escape from the region of size
Lc = 100 pc around a source is shown in Fig. 2 for the
four cases of interest, compared with the diffusion time
in the same region estimated by using the Galactic dif-
fusion coefficient Dg (dotted line). This plot shows once
more that the escape time is weekly dependent upon the
density of ions provided there is no appreciable IND. The
small difference between the two cases (dash-dotted and
dashed lines) is to be attributed to the weak advection
with Alfve´n waves, since the waves’ velocity is somewhat
different in the two cases.
In the absence of neutrals, the near-source grammage
increases with increasing Lc and with increasing CR ac-
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FIG. 1: Grammage accumulated by CRs in the near-source
region for Lc = 100 pc in the three cases: (1) nn = 0,
ni = 0.45cm
−3; (2) ni = 0.45cm−3 and nn = 0.05cm−3;
(3) nn = 0, ni = 0.01cm
−3, as labelled. The thin dotted
(red) line corresponds to case (2) but with slope of the injec-
tion spectrum 4.2. The thick dashed line (labelled as XPSS09)
shows the grammage inferred from the measured B/C ratio
[11], while the thick solid line (labelled as XAB13) shows the
results of the non-linear propagation of Ref. [8]. The hori-
zontal (thick dotted) line (labelled as XABS15) is the source
grammage, as estimated in Ref. [21].
celeration efficiency ξCR, proportional to ∼ L2/3c and
∝ ξ2/3CR respectively. It is interesting to notice that these
trends are the same shown by the self-similar solution
obtained in Ref. [6] for a similar problem, though with
different boundary conditions and under the assumption
of impulsive CR release by the source. In the cases in
which neutral atoms are absent, for particles with ener-
gies up to ∼ 1 TeV, the grammage decreases with energy
in roughly the same way as the observed grammage [11],
as a result of the dependence of the NLD rate on k in
Eq. 6.
The enhanced grammage illustrated in Fig. 1 is the re-
sult of streaming instability excited by CRs leaving the
source. This effect is particularly important for particles
with energy. 10 TeV, because of the large density of par-
ticles at such energies, that reflects into a correspondingly
high growth rate of the instability (see Eq. 4). In Fig. 3
we show the power spectrum F(k) at z = 50 pc for a case
with Lc = 100 pc. On the top x-axis we show the mo-
mentum of particles that can resonate with waves of given
wavenumber k (bottom x-axis). The solid (dashed) line
refers to case (1) at time t = 104 (t = 105) years. In Case
(2), the presence of neutrals decreases the level of self-
generated waves (see dotted line, computed at t = 104
years), which however remains appreciably higher than
the Galactic turbulence level F0(k), also shown in Fig. 3
as a thick dot-dashed curve. Particles diffusing away from
the source keep pumping waves into the environment for
about 105 years. At later times, higher energy particles
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FIG. 2: Escape time of CRs from the near-source region for
Lc = 100 pc in the three cases: (1) nn = 0, ni = 0.45cm
−3;
(2) ni = 0.45cm
−3 and nn = 0.05cm−3; (3) nn = 0, ni =
0.01cm−3. The dotted line refers to the escape time calculated
using the Galactic diffusion coefficient Dg.
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FIG. 3: Normalized power spectrum of waves for Lc = 100 pc,
at distance z = 50 pc from the source, 104 and 105 years after
CR release in the ISM. The solid and dotted lines correspond
to the fully ionized medium with ni = 0.45cm
−3, while the
dashed line corresponds to the warm ionized medium with
ni = 0.45cm
−3 and nn = 0.05cm−3. The dot-dashed line
shows the Galactic power spectrum, corresponding to the dif-
fusion coefficient that provides a good fit to the GALPROP
grammage [11].
start escaping the near-source region, the gradients di-
minish and F(k) approaches again F0(k), starting from
low values of k.
The effect of particle self-confinement is illustrated in
Fig. 4, where we show the density of particles (or more
correctly the quantity 4pip3f(p)) with momentum p = 10
GeV/c as a function of the distance from the escape sur-
face, for three times after release (104, 105 and 106 years).
The top and bottom panels refer to the cases with no
neutrals and ion density ni = 0.45cm
−3, and ion density
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FIG. 4: Particle density 4pip3f(p) for p = 10 GeV/c as a
function of distance from the source. The curves refer to
times 104, 105 and 106 years, as labelled (we used Lc = 100
pc). Top Panel: ni = 0.45cm
−3 and nn = 0. Bottom Panel:
ni = 0.45cm
−3 and nn = 0.05cm−3.
ni = 0.45cm
−3 with neutral density nn = 0.05cm−3 re-
spectively. In the latter case the effect of IND is that
of limiting wave growth and reducing the time needed
for particle escape from the near-source region. One can
clearly see that on time scales of order 104 years, compa-
rable with the diffusion time on a scale Lc = 100 pc with
Galactic diffusion coefficient Dg, the density of particles
in the near-source region (∼ 1−2 pc) remains more than
one order of magnitude larger than the Galactic back-
ground in the case with no neutrals, and about one order
of magnitude larger in the case with nn = 0.05cm
−3.
Even after 106 years the density of particles in the near-
source region (∼ 30 − 50 pc) remains appreciably larger
than the Galactic mean density in the case of no neutrals
(or neutrals consisting of He alone).
Eventually all particles injected by the source escape
the region, the density of CRs drops to the mean Galactic
value (assumed to be the one observed at the Earth) and
the wave power spectrum drops to F0(k) at all values of k.
One should notice that even if the effect of CR streaming
is that of increasing the energy density of waves by orders
of magnitude, typically it remains true that F(k) . 1,
hence the use of quasi-linear theory remains well justified.
Discussion – We calculated numerically the grammage
traversed by CRs while propagating in the disc of the
Galaxy in the region immediately outside the source, as-
sumed to be a typical SNR with a total energy of 1051
erg and a CR acceleration efficiency of 20%. On scales
of order the coherence scale of the Galactic magnetic
field, Lc ∼ 100 pc, the problem can be considered as
one-dimensional. At larger distances diffusion becomes
3-dimensional and the density of CRs contributed by the
6individual source quickly drops below the Galactic av-
erage (assumed to be the one observed at the Earth).
The gradient in the spatial distribution of CRs in the
near-source region is responsible for generation of Alfve´n
waves that in turn scatter the particles, thereby increas-
ing their residence time in the near-source region. This
phenomenon was previously studied in Ref. [7] in con-
nection with the problem of the interaction of CRs with
molecular clouds in the near source region, and in Ref. [6],
who studied the consequences of impulsive release of CRs
by a source embedded in a fully ionised medium.
We showed that in this scenario, the grammage tra-
versed by CRs with energies up to a few TeV is heav-
ily affected by the self-induced confinement close to the
sources, to an extent that depends on the number den-
sity of neutral hydrogen in the Galactic disc. In the
absence of neutrals and with density of ∼ 0.45 cm−3,
the near-source grammage is comparable (within a fac-
tor of few) with the one that is usually inferred from
the measured B/C ratio at the position of the Earth.
Clearly this does not imply that the propagation time
of CRs in the near-source region is close to the escape
time of CRs from the Galaxy, because of the higher gas
density in the disc, a factor H/h times larger than the
average density traversed by CRs while diffusing in the
disc+halo region. The fact that the residence time in
the near source region remains relatively short compared
with the overall residence time in the Galaxy, in the con-
sidered energy range, leads us to expect that the effects
on radioactive isotopes (the other observable that is used
to infer the propagation time of CRs in the Galaxy in
addition to the secondary/primary ratios) will be neg-
ligible. When neutrals are present, as expected for the
standard interstellar medium, the near-source grammage
is lower, but the strength of the damping is not well es-
tablished, mainly because in the warm-hot interstellar
medium most of the neutral gas is expected to be in the
form of He atoms. The cross section for H-He charge ex-
change is much smaller than for H-H, therefore it seems
plausible to assume that most damping is actually due
to a residual fraction of neutral H that may be left. Here
we made an attempt to bracket the importance of IND
as due to all these uncertainties.
At energies & 1 TeV the grammage traversed by CRs
can reasonably be expected to be heavily affected by
the in-source contribution, due to the fact that CRs are
trapped in the downstream region of the SN shock be-
fore escaping, as already proposed in Ref. [21] (where the
confinement time is assumed to be ∼ 104 years). This is
probably not the case at very high energies, around the
knee, since such CRs are expected to escape the source
from the upstream region at earlier times [22].
There are at least two possible signatures which relate
CR residence time in the near-source region and experi-
mental data: the formation of extended halos of gamma
ray emission from pi0 decay in a region of size ∼ Lc
around CR sources and enhanced inverse Compton scat-
tering and Synchrotron emission from electrons. Both
these aspects will be discussed in a forthcoming paper.
The general picture that arises from these considerations
is that at all energies the observed grammage is affected
by either non-linear propagation in the near-source re-
gion or transport inside the source, thereby making the
translation of the grammage (from B/C) to a confinement
time in the Galaxy rather problematic. More specifically,
both the normalisation and the slope of the inferred dif-
fusion coefficient are likely to reflect more a combination
of Galactic propagation plus one of the two phenomena
described above rather than the pure CR transport on
Galactic scales.
Note: During the review process of the present pa-
per, a different group published the results of numerical
propagation of CRs in the near source region in the pres-
ence of non-linear wave generation, reaching qualitatively
similar conclusions [23]. Their work focuses more on the
implications of non-linear CR transport for gamma ray
observations in the occasional presence of a molecular
cloud near the source, while we investigate the implica-
tions for CR grammage, and include the case of negligible
IND, as could be expected in a medium where all H is
fully ionized and the neutral component is only made of
He.
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